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THERMOCOUPLE DEVICE 

0001. This application claims the benefit of U.S. Provi 
sional Patent Application Ser. No. 61/315,534, filed Mar. 19, 
2010, which is hereby incorporated by reference in its 
entirety. 

FIELD OF THE INVENTION 

0002 The present invention is related to a printed thermo 
couple device and its uses. 

BACKGROUND OF THE INVENTION 

0003 Common options for measuring temperature 
include the Resistance Temperature Detector (RTD), which 
has a metallic element possessing a positive temperature 
coefficient of resistance (decreasing resistance with increas 
ing temperature), or a thermistor, which has a metal oxide 
element exhibiting a negative temperature coefficient (in 
creasing resistance with increasing temperature). Unlike an 
RTD, thermocouples can achieve high accuracy without any 
restrictions on target immersion depth relative to the sensor 
diameter or length. Unlike a thermistor, thermocouples pro 
duce signals without any pronounced nonlinearity with tem 
perature, thus allowing use over a greater temperature range. 
Finally, unlike a thermal colorimetric material, additional 
internal sensors are not necessary in order to obtain the signal. 
These factors make thermocouples particularly useful when 
used on medical devices, because they have Superior capabil 
ity for measuring temperature in a small or confined area. 
Accurate measurements of tissue or body fluids temperature 
are critically important during many medical procedures, but 
introduction of temperature measurement capability at a spe 
cific, controllable location during the procedure is often dif 
ficult and sometimes impossible. Application of a thermo 
couple device directly on a medical device solves this 
problem, removes uncertainty, during the procedure, about 
the exact location of the probe, and reduces the number of 
instruments that must be introduced or used during the medi 
cal procedure. 
0004. Thermocouples use two leads formed of dissimilar 
materials, for example one lead formed of constantan and the 
other formed of copper, that are joined at one end to form a 
thermocouple junction. The thermocouple junction produces 
a Voltage, representative of the temperature, and that Voltage 
varies as the thermocouple is exposed to various tempera 
tures. Conventional thermocouples are often formed by join 
ing togetherapair of dissimilar metal wires, the metals having 
been chosen so that a Voltage is observed depending on the 
size of the temperature difference between the joined and free 
ends of the pair. 
0005. Thermocouples can be used for both temperature 
measurement and temperature control by heating the thermo 
couple junction. The thermocouple effect is where a tempera 
ture differential can be converted directly into electrical 
energy, with the amount of electrical energy so generated 
providing a measurement of the temperature. The observed 
voltage then provides an estimate of the temperature differ 
ential along the length of the pair of wires according to stan 
dard equations well known to those of ordinary skill in the art. 
0006 Conversely, if a voltage is applied to a thermo 
couple, a temperature differential is created between the junc 
tion and the free ends of the two elements that comprise the 
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thermocouple, with the junction being either cooled or heated 
depending on the direction of the applied DC current. If a 
number of such thermocouples are interconnected, a heating 
and cooling module (e.g., a Peltier module) may be con 
structed according to methods well known in the art. Several 
thermocouples that have been interconnected in series are 
often also commonly referred to as a thermopile. 
0007 As useful and versatile as modern thermocouples 
might be, they suffer from certain disadvantages, among 
which are that they are generally not suitable for use on 
flexible/irregular surfaces. Thermocouples are often made of 
thin wire pairs So that the device responds more quickly to 
temperature changes, but Such a construction can make the 
thermocouple somewhat fragile. Several inventions have 
been aimed at demonstrating and Solving the problems inher 
ent in placing a temperature-measuring device directly on or 
in a medical device, but they have drawbacks and technical 
limitations. 
0008 For example, U.S. Patent Publication No. 2005/ 
0257822 to Smith et al., describes printing finely powdered 
metals onto bedsheets and the like for use in medical sce 
narios. The metals are formulated into inks and deposited via 
silkscreening. Silkscreening is a popular printing method for 
applying lines to flexible objects. However, the objects must 
be held against a noncompliant backing during printing, such 
that silk screening is limited to two-dimensional or planar 
Surfaces. Most medical devices of interest are polymeric, 
flexible, and three dimensional, rendering the silk screening 
approach problematic and often unusable. The silk screening 
method applies pressure to the Substrate during the writing 
process. 
0009 U.S. Pat. No. 4,263,921 to Trugillo et al., describes 
a temperature sensitive endotracheal tube in which a ther 
mistor is mounted to the tube. Mounting the thermistor rather 
than writing it directly on the tube surface leads to unwanted 
protrusion on the surface of the device which may prove 
damaging or uncomfortable upon introduction of the device 
to measure temperature during medical procedures. Further, 
there is an increased risk of the temperature sensor becoming 
loose and getting displaced during the procedure, leading to 
uncertainty in probe localization and Subsequently in tem 
perature monitoring. Another issue with the design is that 
thermistors, which rely on changes in resistance vs. tempera 
ture for a single metal, exhibit more non-linearity with tem 
perature than do thermocouples, leading to measurement 
errors or the need for complicated correction algorithms dur 
ing signal processing. 
0010 U.S. Pat. No. 4,046,139 to Horn describes a tem 
perature sensor mounted on the cuff of an endotracheal tube, 
which could be a thermocouple, thermistor or color-sensitive 
material. A mounted thermocouple or thermistor would have 
the same drawbacks discussed above. Furthermore, a tem 
perature sensor reliant on color change would be of limited 
usefulness when embedded in the body, because a method of 
sensing and transmitting the color, Such as a camera or CCD, 
would also need to be introduced in able to detect real-time 
temperature changes. 
0011 U.S. Pat. No. 5,596,995 to Sherman et al., describes 
a thermocouple affixed to an end of a catheter. However, 
another thermocouple junction is formed where the leads are 
connected to dissimilar metals. Sherman describes a method 
for compensating for the unintentional second thermocouple 
formed at this connection. The electronics are formed sepa 
rately from the device and then mounted to the device, leading 



US 2011/0277803 A1 

to manufacturing challenges particularly if the catheter is 
very small in diameter, and also leading to the possibilities 
outlined above that the thermocouple junctions may be inad 
vertently displaced during the procedure. Like the other 
cases, a method is not provided that elegantly affixes the 
metals to the medical device. 
0012 Methods for applying metallic lines directly to flex 
ible three-dimensional surfaces are very limited. Inkjet, or 
thermal transfer may be envisioned if appropriate substrate 
control and manipulation could be effected. Having rheologi 
cal orthermal properties appropriate for precisely printing the 
ink formulations pose severe limitations. Another approach is 
silk screening on a flexible Surfaces; however, it requires a 
backing material. Such that printing on three dimensional 
objects is extremely difficult. 
0013 The present invention is directed to overcoming 
these and other deficiencies in the art. 

SUMMARY OF THE INVENTION 

0014. In one aspect, the present invention relates to a ther 
mocouple device comprising a flexible non-planar Substrate, 
a first printed thermocouple element comprising a first metal 
containing ink composition applied to the flexible non-planar 
Substrate, and a second printed thermocouple element in elec 
trical contact with the first printed thermocouple element 
making athermocouple junction. The second printed thermo 
couple element comprises a second metal containing ink 
composition with a Seebeck coefficient sufficiently different 
from the first metal containing ink composition for the first 
and second printed thermocouple elements to together pro 
duce a thermocouple effect. 
0015. In another aspect, the present invention relates to a 
heated thermocouple device comprising a flexible non-planar 
Substrate, a first printed thermocouple element comprising a 
first metal containing ink composition applied to the flexible 
non-planar Substrate and a second printed thermocouple ele 
ment applied to the flexible non-planar substrate. The second 
printed thermocouple element comprises a second metal con 
taining ink composition with a Seebeck coefficient suffi 
ciently different from the first metal containing ink composi 
tion for the first and second printed thermocouple elements to 
together produce a thermocouple effect. The heated thermo 
couple device further comprises a heater element applied to 
the flexible non-planar substrate. The heater element com 
prises a third metal containing ink composition and is elec 
trically connected to the first and second printed thermo 
couple elements. 
0016. Another aspect the present invention relates to a 
medical device comprising the thermocouple device of the 
present invention. 
0017. A further aspect of the present invention relates to a 
method of forming a thermocouple device. The method com 
prises applying a first metal containing ink composition to a 
flexible non-planar Substrate, where the first metal containing 
ink composition forms a first printed thermocouple element 
and applying a second metal containing ink composition to 
the first metal containing ink composition applied to the flex 
ible non-planar Substrate where the second metal containing 
ink composition forms a second printed thermocouple ele 
ment. The first and second metal containing ink compositions 
have a Seebeck coefficient sufficiently different from one 
another so that the first and second printed thermocouple 
elements together produce a thermocouple effect. 
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0018. Thermocouples have been used as temperature sen 
sors and have been incorporated in catheters for Some time. 
However, these thermocouples have drawbacks and limita 
tions as discussed Supra. It is the intention of the present 
invention to provide multiple benefits over the present state of 
the art. The present invention produces temperature measur 
ing devices that are more compact, more streamlined, less 
likely to cause trauma with contact to tissue, and less likely to 
dislodge, shift, or detach from the substrate. In those embodi 
ments of the present invention where the thermocouple device 
provides functionalities in addition to temperature measure 
ment, the present invention provides more closely coupled 
systems, reduced device count, more dense packing of 
devices, and reduced interconnection complexity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019 FIG. 1 shows a tilted view of an example of a ther 
mocouple device of the present invention disposed on a non 
planar medical device Substrate. 
0020 FIGS. 2A-B are perspective views of electrical con 
nections that can be formed with contact pads of a thermo 
couple device. 
0021 FIG. 3 is a schematic showing an example of a 
plurality of thermocouple junctions that can be Suitably con 
figured to create multiple thermocouple junctions at different 
locations on a medical device. 
0022 FIG. 4 shows a perspective view of a thermocouple 
device that can also be used as a radio-frequency (RF) coil. 
For example, as shown in this figure the thermocouple device 
could be printed on a suitable cylindrical substrate in the form 
of a spiral which could be used as radio-frequency transmit 
ter, radio-frequency receiver or a transceiver. 
0023 FIG. 5 is a schematic of the control elements that 
allow a thermocouple device to act as a radio-frequency coil. 
For example, as shown here, the control elements include a 
thermocouple reader which could be used to provide a read 
out of the temperature detected by the thermocouple. Another 
control element which may be coupled to the thermocouple 
device is shown as RF power supply. This power supply could 
be used, for example, to generate RF in the thermocouple. The 
RF power supply could be readily replaced with a RF detector 
to monitor or detect RF. An optional control element is shown 
as the Switching circuit. This Switching circuit could be func 
tionally coupled to a timing circuit that allows for Suitably 
timing the Switching circuit. The Switching circuit allows for 
switching the coupling of the thermocouple reader and the RF 
power Supply to the thermocouple element. 
0024 FIG. 6 is a schematic view showing an example of a 
thermocouple device that functions simultaneously and con 
tinuously as a thermocouple and a radio-frequency coil. The 
circuits connected to the device can be configured such that 
both the radio-frequency coils and the thermocouple reader 
are continuously functioning to read the temperature and 
generate radio-frequency. The RF power Supply can also be 
replaced with a RF detector to continuously monitor and 
detect RF. 

0025 FIGS. 7A-B show a schematic view of a heater 
thermocouple device that may be used as a heater. FIG. 7A 
shows the heater thermocouple device disposed on a non 
planar medical device substrate. FIG. 7B shows a different 
configuration of the heater thermocouple device. 
0026 FIGS. 8A-C show perspective views of various 
embodiments of a thermocouple device that may also be used 
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as a heater. The dimensions of the heater element can be easily 
configured according to the heating requirements and the use 
of the heating element. 
0027 FIGS. 9A-B, respectively, show yet another 
embodiment of a thermocouple device of the present inven 
tion that may be used as a heater. FIG.9A shows a top view of 
the thermocouple device where the heater element is config 
ured, for example, in a coil. FIG. 9B shows a side cross 
sectional view of the thermocouple device. 
0028 FIG. 10 shows a schematic diagram of the control 
elements couple to a heater thermocouple device that allows 
the device to act as a heater and as a thermocouple. For 
example, as shown here, the control elements include a ther 
mocouple reader which could be used to provide a read out of 
the temperature detected by the thermocouple. Another con 
trol element which may be coupled to the heater thermo 
couple device is shown as the heater power Supply. This 
heater power Supply could be used, for example, to generate 
heat in the heater element of the thermocouple. An optional 
control element is shown as the Switching circuit. This 
Switching circuit could be functionally coupled to a timing 
circuit to permit Suitably timed coupling of the thermocouple 
reader and the heater power supply to the heater thermo 
couple element. 
0029 FIG. 11 shows a tilted top view of a secondary 
functional device disposed in close proximity to the thermo 
couple device. This secondary functional device is not nec 
essarily printed on the substrate on which the thermocouple 
device is printed and can operate independently. 
0030 FIGS. 12A-E show cross-sectional views of the 
sequential fabrication steps that may be used in constructing 
a thermocouple device of the present invention. The steps 
shown on the left are cross sections along section AA in FIG. 
1 and the steps shown on the right are cross sections along 
section AA in FIG. 2A. 
0031 FIG. 13 is a graph showing experimental tempera 
ture readings from a thermocouple device of the present 
invention as a function of time where the ambient temperature 
is programmed to fluctuate. 

DETAILED DESCRIPTION OF THE INVENTION 

0032. In one aspect, the present invention relates to a ther 
mocouple device comprising a flexible non-planar Substrate, 
a first printed thermocouple element comprising a first metal 
containing ink composition applied to the flexible non-planar 
Substrate, and a second printed thermocouple element in elec 
trical contact with the first printed thermocouple element 
making athermocouple junction. The second printed thermo 
couple element comprises a second metal containing ink 
composition with a Seebeck coefficient sufficiently different 
from the first metal containing ink composition for the first 
and second printed thermocouple elements to together pro 
duce a thermocouple effect. 
0033 For example, the thermocouple devices of the 
present invention can be used as temperature sensors and 
comprise a thermocouple having elongated ends joined 
together at their distal ends to form the thermocouple and 
their proximal ends connected to a connector mounted in the 
catheter. External equipment may be connected to the con 
nector of the catheter to receive the temperature signals of the 
thermocouple for signal processing to determine the tempera 
ture sensed. The thermocouple is typically disposed at the 
distal end of the catheter. 
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0034. The present invention provides a temperature mea 
Surement device printed directly to a three dimensional Sur 
face, for example a medical device, without the disadvantages 
noted Supra. 
0035 Referring now to the drawings and particularly to 
FIG. 1, the thermocouple device 10 includes a first printed 
thermocouple element 12 connected to a first contact pad 14 
using a first metal-containing ink composition. A second 
printed thermocouple element 16 connected to a second con 
tact pad 18 are formed using a second metal-containing ink 
composition such that the thermocouple elements 12 and 16 
contact each other and formathermocouple junction 20. The 
first and second metal-containing ink compositions are cho 
sen such that the thermoelectric EMF formed at thermo 
couple junction 20 due to the Seebeck effect is of a useful 
magnitude. 
0036. The thermocouple device 10 is disposed on sub 
strate 100. In the present invention, the substrate 100 includes 
any non-planar or “three dimensional medical device which 
could be, for example, a medical device. The non-planar 
Substrate could be, for example, a cylindrical object, a spheri 
cal object, a wire, a catheter, a fabric, a multi-branching 
substantially tubular device, or a flexible non-planar substrate 
which may distort upon application of force. The substrate 
100 could be polymeric, ceramic, metallic, or a combination 
thereof. In addition, the substrate 100 could have elastic prop 
erties ranging from highly flexible to extremely rigid. Many 
of the aspects of the present invention are particularly well 
suited for the formation of thermocouple devices on flexible, 
polymeric medical devices. However, the present invention is 
not intended to be limited by either the materials of construc 
tion or the elastic properties of the substrate 100. 
0037. In one embodiment, the thermocouple device of the 
present invention is printed on a flexible non-planar Substrate 
which has an irregular Surface. An irregular Surface is a Sur 
face lacking uniformity or symmetry, having an uneven 
shape, position, or arrangement. For example, an irregular 
Surface could be a Surface that has indentations or jagged 
edges. 
0038. In another embodiment, the thermocouple device of 
the present invention further comprises electrical connectors 
electrically coupled to the first and the second printed ther 
mocouple elements. Depending on the design of the thermo 
couple device these electrical connectors could also be con 
nected to multiple printed elements at multiple locations 
using the techniques described in the present invention. A 
person of skill in the art can readily configure the electrical 
connectors to be suitably connected for different configura 
tions of the thermocouple device. 
0039. In another embodiment, the thermocouple device of 
the present invention can comprise a Voltage reader operably 
coupled to the electrical connectors to measure the Voltage 
between the first and second printed thermocouple elements. 
The voltage is generated due to the temperature differential 
between the first and the second printed thermocouple ele 
ments. This Voltage can be calibrated to temperature to pro 
vide a direct readout of the temperature. Alternatively, stan 
dardized data sets could be provided to convert the voltage 
reading to temperature (see for example, FIG. 13). 
0040. In yet another embodiment, the electrical connec 
tors could also be coupled to a Voltage source which can be 
used to apply current to the first and the second printed ther 
mocouple elements, thereby providing heating or cooling to 
the thermocouple junction. 
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0041. In another embodiment, the thermocouple device of 
the present invention comprises an overcoat layer covering 
the first and second printed thermocouple elements. The sur 
face or Substrate materials used to print the thermocouples 
may be non-conducting or coated with a non-conducting 
layer(s). 
0042. In another embodiment, the thermocouple device of 
the present invention comprises an intermediate layer posi 
tioned between the flexible non-planar substrate and the first 
and second printed thermocouple elements. The intermediate 
layer could function in many ways, such as a sealing layer, 
insulating layer, adhesive layer, structural Support layer, or a 
combination thereof. 

0043. Many polymeric materials known in the art can be 
used to make the Substrates, overcoat layers, and intermediate 
layers of the present invention. Non-limiting examples of 
polymeric materials that may be used to manufacture these 
aspects of the present invention include epoxy, polyacrylate, 
silicone or natural rubber, polyester, polyethylene napthalate, 
polypropylene, polycarbonate, polystyrene, polyvinyl fluo 
ride ethyl-vinyl acetate, ethylene acrylic acid, acetyl polymer, 
poly(vinyl chloride), silicone, polyurethane, polyisoprene, 
styrene-butadiene, acrylonitrile-butadiene-styrene, polyeth 
ylene, polyamide, polyether-amide, polyimide, polyetherim 
ide, polyetheretherketone, polyvinylidene chloride, polyvi 
nylidene fluoride, polycarbonate, polysulfone, 
polytetrafluoroethylene, polyethylene terephthalate, polyhy 
droxyalkanoate, poly(p-xylylene), liquid crystal polymer, 
polymethylmethacrylate, polyhydroxyethylmethacrylate, 
polylactic acid, polyhydroxyvalerate, polyvinyl chloride, 
polyphosphaZene, poly(6-caprolactone). Copolymers or 
mixtures of polymers may also be used for the purposes of the 
present invention. 
0044) The first and the second metal containing ink com 
positions of the present invention independently comprise a 
metal powder selected from the group consisting of copper, 
palladium, chromel, alumel, rhenium, nickel-chromium-sili 
con, constantan, cadmium, aluminum, platinum, rhodium, 
iridium, molybdenum, tantalum, beryllium, zinc, tin, chro 
mium, nickel, nickel-chromium, nickel-aluminum, nickel 
silicon, iron, tungsten, lead, silver, gold, magnesium, silicon 
or alloys thereof. 
0045. The thermocouple junction and leads may be 
formed from any two metals exhibiting sufficiently different 
Seebeck coefficients. The Seebeck coefficient typically varies 
with temperature, so selection of metal pairs should also 
minimize any nonlinearities in the difference over the tem 
perature range of interest. Range and accuracy of measure 
ment may be affected by choice of materials, and many stan 
dard metal pairs have been identified and are commonly used 
as thermocouples. For example, a copper-constantanjunction 
defines a T-type thermocouple; while a combination of plati 
num and a platinum-rhodium alloy yields a Type R or Type S 
thermocouple, depending on the rhodium content in the alloy. 
Other common thermocouple metal pairs include chromel 
constantan (Type E); iron-constantan (Type J); chromel 
alumel (Type K); and nicrosil-nisil (Type N). Many non 
standard thermocouples can also be envisioned, such as 
silver-nickel, copper-nickel, tungsten-nickel, gold-palla 
dium, etc. Semiconductor materials also make excellent ther 
mocouples; however it is difficult to obtain connection wires 
made of Such materials so they are normally only useful for 
Solid-state applications where interconnects are not required. 
With respect to ready availability of ink materials and a 
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clearly detectable reproducible temperature signal, silver 
nickel or tungsten-nickel are most preferred. 
0046 Additives and fillers are often present in the polymer 
matrices of the present invention in order to improve 
mechanical properties, enable processing, and add radiopac 
ity to the devices. The surface of the polymer may be further 
modified to enhance biocompatibility or to alter frictional or 
adhesive properties through application of additional poly 
meric, oligomeric, or Surfactant coating layers; mechanical or 
chemical etching; or plasma, corona, or flame treatment. 
0047. In one embodiment of the thermocouple device of 
the present invention, the first, second or other metal contain 
ing ink compositions independently comprise a binder 
selected from the group consisting of poly(vinyl chloride), 
silicone, polyurethane, polyisoprene, styrene-butadiene, 
acrylonitrile-butadiene-styrene, polyethylene, polyamide, 
polyether-amide, polyimide, polyetherimide, polyetherether 
ketone, polyvinylidene chloride, polyvinylidene fluoride, 
polycarbonate, polysulfone, polyethylene, polytetrafluoroet 
hylene, polyethylene terephthalate, polyhydroxyalkanoate, 
poly(p-xylylene), liquid crystal polymer, polymethyl 
methacrylate, polyhydroxyethylmethacrylate, polylactide, 
polyglycolide, polyisoprene, polycaprolactone, cyanoacry 
lates, polyvinyl butyral, polyvinyl formal, polyethylene 
oxide, polyvinyl alcohol, polyvinylpyrrolidone, cellulose 
esters, cellulose ethers, carrageenan, gelatin, chitosan, and 
combinations or copolymers thereof. Blends of such poly 
mers can be especially helpful in optimizing mechanical and 
adhesive properties. They may also play a role in providing a 
reliable dispersion of the metal particles, or in adjusting the 
rheological characteristics of the ink. 
0048. In order to ensure good adhesion to the polymeric 
Substrate and adequate mechanical properties of the printed 
trace itself, the ink or paste should comprise a polymeric 
binder combined with a sufficient level of metallic particles to 
afford contiguous contact of the particles in the dry form. The 
polymeric binder may be selected from any of the commonly 
available thermoplastic or thermoset polymers, or combina 
tions thereof, in order to yield the most optimal properties. 
The polymer may be dissolved or dispersed in an organic 
Solvent which also may play a role in enhancing adhesion to 
the substrate device. Additives may be present in the ink or 
paste, including but not limited to crosslinkers, catalysts, 
inhibitors, dispersants, Surfactants, thickeners, matting 
agents, and the like as required to optimize both the manu 
facturing process and the properties of the final product. For 
a silicone medical device, for example, the optimal binder 
polymer may comprise polydimethylsiloxane, along with 
appropriate crosslinking chemistry to yield a sufficiently 
robust matrix for the metal particles. For a poly(vinyl chlo 
ride) substrate medical device, an optimal binder polymer for 
the printing ink may be poly(vinyl chloride) dissolved in a 
solvent which slightly swells the substrate to allow entangle 
ment of the ink polymer and the Substrate polymer, leading to 
optimal adhesion. 
0049 Solvents which may be used in the present invention 
include, without limitation: any liquid capable of dissolving 
or dispersing the ink binder polymer, Such as paraffinic 
hydrocarbons such as cyclohexane; aromatic hydrocarbons 
Such as toluene or Xylene; halohydrocarbons such as methyl 
ene dichloride; ethers such as anisole or tetrahydrofuran: 
ketones such as acetone, methyl ethyl ketone or methyl isobu 
tyl ketone; aldehydes; esters such as ethyl carbonate, 4-buty 
rolactone, 2-ethoxyethy acetate or ethyl cinnamate; nitrogen 
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containing compounds such as n-methyl-2-pyrrolidone or 
dimethylformamide, Sulfur-containing compounds such as 
dimethyl sulfoxide; acid halides and anhydrides; alcohols 
Such as ethylene glycol monobutyl ether, a-terpineol, ethanol, 
or isopropanol; polyhydric alcohols such as glycerol or eth 
ylene glycol; phenols; or water or mixtures thereof. The 
binder polymer may also be present as an undissolved disper 
Sion, or polymer latex, Suspended in water. 
0050. Preferred solvents are those which have the lowest 
toxic potential when left behind in residual quantities, such as 
acetone, 1-butanol, ethanol. 1-propanol, methyl acetate, ani 
sole, methyl acetate, methyl ethyl ketone, and the like. Com 
binations of solvents sometimes prove especially useful in 
obtaining good solubility with minimal risk of toxicity. It is 
preferable to choose solvents which evaporate at a rate such 
that the temperature of the polymeric Substrate can be main 
tained below its softening point, so that the device is not 
damaged as the solvent is driven off. 
0051 Referring to FIG. 2A, electrical connection of ther 
mocouple device 10 to other modules used, for example, to 
detector Supply power can be accomplished in many ways. In 
one preferred embodiment a first interconnection assembly 
30, consisting of a first conductor 31 surrounded by a first 
insulator 32, communicates electrically with the first contact 
pad 14 through a first bonding material 40. As shown in 
similar fashion in FIG. 2B, a second interconnection assem 
bly 34, consisting of a second conductor 35 surrounded by a 
second insulator 36, communicates electrically with the sec 
ond contact pad 18 through a second bonding material 42. In 
order to prevent the creation of secondary thermocouplejunc 
tions, first contact pad 14, first conductor 31, and first bonding 
material 40 must be constructed of the same metal or metal 
alloy. Similarly, second contact pad 18, second conductor 35, 
and second bonding material 42 must also be constructed of 
the same metal or metal alloy. In one preferred embodiment, 
the bonding materials 40 and 42 are epoxy adhesives filled 
with the appropriate metal or metal alloy flakes or powders. 
An example of a preferred silver-containing epoxy is Epo 
TekR H2OE sold by Epoxy Technology, Inc(R) (Billerica, 
Mass.). In another preferred embodiment, the bonding mate 
rials 40 and 42 are the printed thermocouple element inks 
themselves. An example of a preferred nickel-containing ink 
is 116-25 sold by Creative Materials, Inc. (Tyngsboro, 
Mass.). Alternative methods of creating connections to ther 
mocouple device 10 include ultrasonic bonding, Swaging, 
screw terminals, pressure contacts, soldering, and brazing. 
0052. The thermocouple device of the present invention 
may comprise first and second printed thermocouple ele 
ments which collectively have a thickness of 0.1 to 500 
microns. In another embodiment, the thermocouple device 
could be such that the first and second printed thermocouple 
elements collectively have a thickness of 12 to 80 microns 
0053. In another embodiment the thermocouple device of 
the present invention can comprise a plurality of thermo 
couple junctions formed by a combination of a plurality of 
printed thermocouple elements. A plurality of thermocouple 
junctions may be used to increase the area over which tem 
perature measurements are taken. Also, the multiple printed 
thermocouple elements can be utilized to create multiple 
thermocouple junctions disposed at specific locations on a 
medical device. This allows the gathering of temperature 
information over a region of the medical device rather than at 
a single point. 
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0054 Referring to FIG. 3, in one embodiment, a second 
thermocouple junction 22 can be produced by providing a 
third contact pad 82 connected to a third printed thermo 
couple element 80 which in turn comes in contact with the 
first printed thermocouple element 12. In similar fashion a 
fourth printed thermocouple element 84 connected to a fourth 
contact pad 86 can be utilized to create a third thermocouple 
junction 24. The multiple thermocouple junctions can be 
precisely located across the medical device Substrate to pro 
vide temperature measurements over an area rather than at a 
single point. As will be obvious to those of skill in the art, the 
positions of the thermocouple junctions, the materials used to 
form the printed thermocouple elements, and the electrical 
topology of the junctions can all be varied for the needs of a 
particular application. All combinations thereof are within 
the scope of the present invention. 
0055. The thermocouple device of the present invention 
can be disposed on, for example, a Substantially cylindrical 
medical device Substrate Such that a significant portion of the 
thermocouple device forms a solenoidal electrical coil that 
can be used to deliver or sense electromagnetic fields and 
energy. By providing Switching and timing circuitry the ther 
mocouple device can alternatively be read as a temperature 
sensor and energized to provide localized radio-frequency 
heating. 
0056. In another embodiment, the thermocouple device of 
the present invention can further comprise a Voltage reader 
operably coupled to the electrical connectors to measure the 
Voltage between the first and/or second printed thermocouple 
elements and a radio frequency module operably coupled to 
the electrical connectors of the first and/or second printed 
thermocouple elements to generate radio frequency waves or 
to detect radio frequency waves. Referring now to FIG. 4, a 
substantially cylindrical thermocouple device 11 can be 
formed on a substantially cylindrical medical device substrate 
102. “Substantially cylindrical means that at least a portion 
of the medical device substrate is closed and sufficiently 
well-behaved to permit the printing of one or more coils or 
loops. The actual cross-section of the medical device Sub 
strate is ideally circular, but may also be elliptical, polygonal, 
or an arbitrary shape. The cross-section may also vary with 
axial position. In a preferred embodiment, the Substantially 
cylindrical thermocouple device 11 is disposed such that it 
forms in part a multi-loop Solenoid coil which can sense or 
transmit electromagnetic fields and energy. 
0057. In one embodiment, thermocouple device of the 
present invention comprises the radio-frequency module 
which can be, for example, a radio frequency generator, radio 
frequency detector, or a combination thereof. 
0058. In yet another embodiment, the thermocouple 
device of the present invention further comprises a Switching 
module which selectively couples the electrical connectors of 
the first and/or second printed thermocouple elements to the 
Voltage reader or the radio frequency module. Referring to 
FIG. 5, the substantially cylindrical thermocouple device 11 
can be made to function as both a temperature sensor and 
either a sensor or transmitter of electromagnetic fields and 
energy by connecting the first and second interconnection 
assemblies 30 and 34 to a switching circuit 70 which alter 
nately connects the device to athermocouple reader 74 to take 
temperature measurements or to, in one preferred embodi 
ment, a RF power supply 78 to excite the solenoid coil in the 
substantially cylindrical thermocouple device 11 in order to 
couple electromagnetic fields and/or energy into body tissue. 
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A timing circuit 72 is utilized to control the switching circuit 
70. In one preferred embodiment, the scheme of FIG.5 would 
be used to ablate tissue and monitor the local temperature in 
order to control the procedure. It should be noted that the flat 
coil and the Solenoid coil differ primarily in geometry and are 
equally able to be employed and controlled by the scheme of 
FIG.S. 

0059. In another embodiment, the thermocouple device of 
the present invention can have the electrical connectors of the 
first and/or second printed thermocouple elements perma 
nently connected to the Voltage reader and the radio fre 
quency module. Referring now to FIG. 6, an alternative pre 
ferred embodiment of the substantially cylindrical 
thermocouple device 11 of FIG. 4 is depicted. A three-termi 
nal thermocouple device 200 is constructed by forming the 
second printed thermocouple element 16 into a multi-turn 
Solenoid coil and terminating it at a common lead contact pad 
90. The thermocouple junction 20 is formed by contacting the 
first printed thermocouple element 14 to one of the coils. A 
third interconnection assembly 38 communicates electrically 
with the common lead contact pad 90. As in previous embodi 
ments, the thermocouple reader 74 is used to produce tem 
perature measurements. However, in the present embodi 
ment, the thermocouple reader is connected between the first 
and third interconnection assemblies 30 and 38. Also similar 
to previous embodiments, the RF power supply 78 is used to 
provide RF energy. However, in the present embodiment the 
RF power supply is connected between the second and third 
interconnection assemblies 34 and 38. The advantage of the 
present embodiment is that temperature measurements and 
RF excitation can occur continuously and simultaneously. No 
Switching or timing circuits are required, and the three-termi 
nal thermocouple device 200 does not alternate between mea 
Surement and excitation. 

0060. The three-terminal thermocouple device permits 
simultaneous and continuous temperature measurements 
while a specific section of the thermocouple device is utilized 
as, for example, a heater, a RF heater, or an electromagnetic 
field sensor. This arrangement reduces terminal count and 
reduces the complexity of interconnection. 
0061. In another aspect, the present invention relates to a 
heated thermocouple device comprising a flexible non-planar 
Substrate, a first printed thermocouple element comprising a 
first metal containing ink composition applied to the flexible 
non-planar Substrate and a second printed thermocouple ele 
ment applied to the flexible non-planar substrate. The second 
printed thermocouple element comprises a second metal con 
taining ink composition with a Seebeck coefficient suffi 
ciently different from the first metal containing ink composi 
tion for the first and second printed thermocouple elements to 
together produce a thermocouple effect. The heated thermo 
couple device further comprises a heater element applied to 
the flexible non-planar substrate. The heater element com 
prises a third metal containing ink composition and is elec 
trically connected to the first and second printed thermo 
couple elements. 
0062 For example, the geometry and electrical properties 
of the metallic elements that make up the thermocouple 
device can be adjusted to create a section of the device that 
possesses a large portion of the overall series resistance of the 
device. This section thenacts as a heater element that delivers 
localized energy when the thermocouple device is actively 
driven with a power Supply. 
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0063. In another embodiment, the heated thermocouple 
device of the present invention further comprises electrical 
connectors electrically coupled to the first and the second 
printed thermocouple elements. A person of skill in the art can 
readily configure the electrical connectors to be suitable for 
different configurations of the heated thermocouple device. 
Depending on the design of the thermocouple device, these 
electrical connectors could be connected to multiple printed 
elements at multiple locations using the techniques described 
in the present invention. Depending upon the design of the 
device, the electrical connectors can also be independently 
attached to the heater element of the heated thermocouple 
element. 
0064 Referring to FIG. 7A, the thermocouple device can 
alternatively be viewed as a three-section device where a 
heater element 60 is specifically identified and communicates 
electrically with the second printed thermocouple element 16 
through a heater element connection 21. Heater element 60 is 
constructed of the same metal or metal alloy as the second 
printed thermocouple element 16 and, consequently, the ther 
mocouple junction 20 is formed at the interface between 
heater element 60 and the first printed thermocouple element 
12. 

0065 Referring to FIG. 7B, the device of FIG. 7A is 
shown in a perspective view to aid understanding of other, 
subsequently-described embodiments of the present inven 
tion. Of particular note, heater element 60 can be specifically 
designed to be highly resistive relative to the first and second 
printed thermocouple elements 12 and 16 so that when the 
thermocouple device 10 is electrically excited most of the 
Joule heating in the device is confined to heater element 60. 
0066 Referring to FIGS. 8A-C, there are multiple 
approaches to designing heater element 60. As shown in FIG. 
8A, a heater element based on trace thickness 62 can be 
formed by reducing the thickness of the printed trace. As 
shown in FIG. 8B, a heater element based on trace width 64 
can be formed by reducing the width of the printed trace. As 
shown in FIG. 8C, a heater element based on material formu 
lation 66 can be formed by increasing the bulk resistivity of 
the trace by, for example, reducing the concentration of the 
metal or metal alloy filler in the ink. It should be noted that, 
depending on the printing methodology employed, the fabri 
cation of the heater element may require a printing step sepa 
rate from that employed to produce the second printed ther 
mocouple element 16. 
0067 Referring to FIG. 9A, a fourth approach according 
to the present invention is to create a heater element based on 
trace length 68. Geometrically, the heater element could be 
disposed as a single line, a serpentine, an irregular polygon, or 
Some other shape. In one particular embodiment, the coil, is 
shown explicitly in FIG. 9A and is especially preferred for 
two reasons. First, the coil geometry allows the heater ele 
ment to be designed for precise delivery of heat over a large 
area. Second, as will be noted again below, the coil structure 
provides the thermocouple device with an electrical inductor 
which may be used to either sense or transmit electromag 
netic fields and energy. The coil geometry does involve at 
least one added fabrication step. As shown in FIG. 9B, an 
interlayer dielectric 69 is used to electrically isolate the coil 
from the first printed thermocouple element 12. 
0068. As will be apparent to those skilled in the art, the 
resistance of the heater element can be varied through trace 
thickness, width, bulk resistivity, or length as well as any 
combination thereof. 
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0069. In another embodiment, the heated thermocouple 
device of the present invention can further comprise a Voltage 
reader operably coupled to the electrical connectors to mea 
sure the voltage between the first and second printed thermo 
couple elements and to a Voltage source operably coupled to 
the electrical connectors to apply current to the first and 
second printed thermocouple elements. Also, by providing 
Switching and timing circuitry, the thermocouple device can 
alternatively be read as a temperature sensor and energized to 
provide localized heating. 
0070. In yet another embodiment, the heated thermo 
couple device of the present invention can comprise a Switch 
ing module which selectively couples the electrical connec 
tors of the first and second printed thermocouple elements to 
the voltage reader or the voltage source. Referring to FIG. 10, 
the thermocouple device 10 can be made to function as both 
a heater and a temperature sensor by connecting the first and 
second interconnection assemblies 30 and 34 to a switching 
circuit 70 which alternately connects the device to a thermo 
couple reader 74 to take temperature measurements or to a 
heater power supply 76 to excite the thermocouple device 10 
to produce heat. A timing circuit 72 is utilized to control the 
switching circuit 70. 
0071. In another aspect, the present invention is related to 
a medical device comprising the thermocouple device of the 
present invention. For example, the medical device could be a 
three-dimensional polymeric medical device having a func 
tional thermocouple applied directly and permanently on its 
surface by an industrial printing or direct-writing technique. 
0072 Medical devices are generally defined by the United 
States Food and Drug Administration as “an instrument, 
apparatus, implement, machine, contrivance, implant, in vitro 
reagent, or other similar or related article, including a com 
ponent part, or accessory which is: 1) recognized in the offi 
cial National Formulary, or the United States Pharmacopoeia, 
or any Supplement to them; 2) intended for use in the diag 
nosis of disease or other conditions, or in the cure, mitigation, 
treatment, or prevention of disease, in man or other animals; 
or 3) intended to affect the structure or any function of the 
body of manor other animals, and which does not achieve any 
of its primary intended purposes through chemical action 
within or on the body of man or other animals and which is not 
dependent upon being metabolized for the achievement of 
any of its primary intended purposes.” 
0073. In another embodiment, the medical device of the 
present invention comprises a plurality of thermocouplejunc 
tions formed by a combination of a plurality of the printed 
thermocouple elements. 
0074. In yet another embodiment, the medical device of 
the present invention can be operably connected to another 
device to control or monitor the other device's function. 
Referring now to FIG. 11, a secondary functional device 50 
may also be present simultaneously with thermocouple 
device 10. Secondary functional device 50 may include active 
element 52 and accompanying electrical leads 54. Some 
examples of secondary functional device 50 include: trans 
ducers to transmit electromagnetic fields, electromagnetic 
energy, heat, light, force, pressure, or medicaments to body 
tissues; sensors to detect electromagnetic fields, electromag 
netic energy, light, force, pressure, pathogens, chemical spe 
cies, or biological entities. Secondary functional device 50 
and thermocouple device 10 may be in close proximity and 
may communicate thermally. Thermocouple device 10 may 
be used to monitor, control, or guide the use of secondary 
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functional device 50. For example, thermocouple device 10 
could be connected to a control system where a temperature 
set point acts as a trigger to turn secondary functional device 
50 on or off. The presence or absence of any secondary 
devices, coatings, or other functional elements on the medical 
device is coincidental to the present invention. 
0075. The medical devices of the present invention 
include, but are not limited to, endotracheal tubes, endobron 
chial tubes, cannulae, catheters, balloons, stents, airways, 
sensors, stimulators, implants, intraocular or contact lenses, 
cochlear implants, and orthopedic implants or prostheses and 
the like. Sensors can include sensing capsules, stimulators, 
and the like. While drug-eluting stents or other drug-eluting 
devices do not strictly conform to the definition above, they 
are considered primarily as medical devices and therefore are 
encompassed by the present invention. 
0076. The measurement of temperature on the surface of 
such medical devices is extremely useful in a variety of situ 
ations. For example, core body temperature may be measured 
directly during a procedure without introducing an additional 
device. During radio frequency ablation procedures, the tem 
peratures of the probe and Surrounding tissue must be con 
trolled so that unintended damage does not occur, and a 
thermocouple printed directly on an ablation device is useful 
in providing a feedback information for the cooling mecha 
nism. Another useful application for thermocouples printed 
directly on medical devices is to provide a means of precisely 
detecting the location of cancerous lesions or areas of inflam 
mation, since they exhibit higher temperatures than Surround 
ing tissue. 
0077 Radiopaque traces may also be printed directly on 
the medical device of interest in order to accurately visualize 
its position during a procedure. In another non-limiting 
example, the thermocouple could be used to work as a heat 
Source which controls the temperature requirements for func 
tioning of a medical device or drug delivery agent. 
0078 A further aspect of the present invention relates to a 
method of forming a thermocouple device. The method com 
prises applying a first metal containing ink composition to a 
flexible non-planar Substrate, where the first metal containing 
ink composition forms a first printed thermocouple element 
and applying a second metal containing ink composition to 
the first metal containing ink composition applied to the flex 
ible non-planar Substrate where the second metal containing 
ink composition forms a second printed thermocouple ele 
ment. The first and second metal containing ink compositions 
have a Seebeck coefficient sufficiently different from one 
another so that the first and second printed thermocouple 
elements together produce a thermocouple effect. 
(0079 FIGS. 12A-E illustrate the fabrication sequence of 
thermocouple device 10. Note that the cross sections shown 
correspond to Section AA of FIG. 1 (see left side of FIG. 12) 
and Section AA of FIG. 2A (see right side of FIG. 12). FIG. 
12A depicts the application of intermediate layer 110, which 
has been omitted in FIGS. 1 and 2. Intermediate layer 110 is 
an optional layer which may be used, for example, to: 
improve adhesion between medical device substrate 100 and 
the thermocouple materials; provide additional stiffening if 
medical device substrate 100 proves too flexible to 
adequately support the thermocouple traces; or provide elec 
trical isolation if medical device substrate 100 possesses elec 
tronic or ionic conductivity such that it interferes with the 
proper functioning of thermocouple device 10. Note that for 
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simplicity of presentation the presence of intermediate layer 
110 is omitted in FIGS. 12B-E and all subsequent figures. 
0080 Referring to FIG. 12B, first printed thermocouple 
element 12 and first contact pad 14 are disposed on medical 
device Substrate 100. 

0081 Referring to FIG. 12C, second printed thermo 
couple element 16 and first contact pad 18 (not observable in 
the cross-sectional views provided) are disposed on medical 
device substrate 100. The contact interface between the first 
and second thermocouple elements 12 and 16 forms the ther 
mocouple junction 20. 
0082 Referring to FIG. 12D, printed trace overcoat 44 is a 
dielectric layer disposed over the first and second thermo 
couple elements 12 and 16 but not the first and second contact 
pads 14 and 18. Printed trace overcoat 44 protects the printed 
elements from ions, moisture and friction and provides Sup 
port against stress. Printed trace overcoat 44 can also provide 
a means for conduction of heat from the external medium to 
the thermocouple or be used as a means of enhancing flex 
ibility and providing support to the device. Printed trace over 
coat 44 may be laced with materials that impart desirable 
properties such as radio opacity, enhanced thermal conduc 
tivity, temperature controlled chemical release of medica 
ments, or the ability to carry other medical devices (e.g., a 
glucose meter). In addition, printed trace overcoat 44 ensures 
that any irritation or toxicity inherent to the metal or its binder 
is isolated from the body tissues. Any biocompatible, non 
conductive, impermeable polymer which is easily applied 
may be used. Medical grade silicones, such as those provided 
by NuSil(R) (Bakersfield, Calif.), or medical grade acrylate 
adhesives, such as those provided by Dymax(R) (Torrington, 
Conn.), are particularly preferred. In order not to severely 
compromise the response time of the thermocouple, it is 
preferable to maximize the thermal conductance of any Such 
overcoat layer, either by thinning the layer as much as pos 
sible, or by adding thermally conductive fillers which do not 
otherwise interfere with the function of the impermeable 
overcoat layer. 
I0083) Referring to FIG. 12E, the formation of intercon 
nections to thermocouple device 10 is accomplished by bring 
ing first contact pad 14 into electrical communication with 
first conductor 31 through the use of first bonding material 40 
which is Subsequently cured in an appropriate fashion. Fol 
lowing the cure, interconnection overcoat 46 is applied to 
electrically isolate and hermetically seal the interconnection 
junction. Not shown in FIG. 12E is the subsequent and final 
step of connecting second contact pad 18 and providing an 
interconnection overcoat. 

0084. In one embodiment, the applying steps in forming 
the thermocouple device are carried out by direct writing. The 
applying steps may be independently carried out by Screen 
printing, jetting, laser ablation, direct writing, or pressure 
driven Syringe delivery. 
0085 Many direct writing techniques that satisfactorily 
control and manipulate the three dimensional, irregular Sub 
strate may be used for the purposes of the present invention, 
including screen printing, jetting, laser ablation, direct writ 
ing, or pressure driven Syringe delivery, inkjet or aerosol jet 
droplet based deposition, laser or ion-beam material transfer, 
tip based deposition techniques such as dip pen lithography, 
or flow-based microdispensing (e.g., Micropen(R) Micropen 
Technologies Corp., Honeoye Falls, N.Y.) or NScrypt(R) tech 
nologies). Such techniques are well described in Pique et al., 
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Direct-Write Technologies for Rapid Prototyping Applica 
tions. Sensors, Electronics, and Integrated Power Sources, 
Academic Press (2002). 
I0086 Microdispensing techniques such as Micropen(R) 
direct writing are particularly preferred for marking of medi 
cal devices, due to their ability to accommodate inks having 
an extremely wide range of rheological properties and very 
high solids levels, as well as excellent three dimensional 
substrate manipulation capabilities. To form the thermo 
couples on Surfaces, a Micropen(R) can be used to apply the 
lines of the two or more selected thermo-element inks or 
paints such that they overlap at the location where the tem 
perature is to be measured. These lines can then be extended 
to a convenient area where the thermocouple extension con 
ductors can be attached to connect the cold junctions and 
instrumentation. 
I0087. This technique is especially suited for flexible 
objects, as the writing force is continuously adjusted to com 
pensate for Substrate morphology, so that permanent defor 
mation of the Surface is not a concern. A major advantage of 
using a microdispensing technique to write the thermocouple 
elements is that the tip of the pen does not come in direct 
contact with the Substrate during the writing process. This 
makes it a preferable method for writing thermocouple ele 
ments, because no distortion of the Substrate is expected 
during the writing process. 
I0088. When the junction is produced by a direct deposi 
tion technique, a liquid or paste ink is generally used. Usually 
metals, to be included in the ink, are selected from those 
already available in printable ink form or those that are avail 
able in a particulate form that can easily be dispersed into a 
printable ink or paste. Furthermore, wires comprised of the 
metals should also be readily formed or commercially avail 
able in order to form the leads to the measurement device and 
avoid the presence of a secondary junction. For example, 
nickel particles and inks are common and relatively inexpen 
sive. Copperortungsteninks and particles are also commonly 
available, as are noble metals such as silver, platinum, and 
palladium. Metallic alloys also may be produced in powder or 
flake form via atomization or attrition and then formulated 
into printable inks. For example, constantan, chromel, or 
alumel can be formed by spray atomization and then made 
into an ink intended to be used in a thermocouple. 

EXAMPLES 

Example 1 

Method of Making the Thermocouple 

I0089. Silver ink was prepared by dissolving poly(vinyl 
chloride) (high molecular weight, Sigma ALDRICHR) at a 
level of 13% by weight in a mixture of tetrahydrofuran, n-me 
thyl pyrrolidone and a-terpineol in a ratio of 55:36:9 by 
weight. Silver flake (10 um, >99.9%, SIGMA-ALDRTCHR) 
was added to yield a ratio of silver:poly(vinyl chloride) of 
85:15. The total solids were 50% by weight. In order to enable 
a thorough mixing, the materials were combined using a 
planetary high shear mixer (KURABO MAZERUSTAR 
KK-50S) 
0090 Nickel ink was prepared by dissolving poly(vinyl 
chloride) (high molecular weight, Sigma-ALDRICHR) at a 
level of 13% by weight in a mixture of tetrahydrofuran, n-me 
thyl pyrrolidone and a-terpineol in a ratio of 67.5:26:6.5 by 
weight. Nickel powder (3 um, 99.7%, SIGMA-ALDRTCHR) 
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was added to yield a ratio of nickel:poly(vinyl chloride) of 
85:15. The total solids were 44% by weight. 
0091. The inks were loaded into syringes and extruded 
through a MicroPen(R) direct writing device onto the surface 
of a commercially available standard endotracheal tube 
(UNOMEDICAL(R) AIR MANAGEMENT, Magill, HVLP 
cuff) to yield two thermocouple junctions; one printed on the 
inflated cuff of the endotracheal tube and the other printed on 
the side of the tube itself just below the cuff (FIG. 1). The 
junctions were extended to allow for Subsequent interconnec 
tion. The inks were then written and cured (forced air, 130° 
C. 1 hour) with silver followed by nickel. 
0092. After the metal junctions and leads were cured, they 
were covered, except for Small connection pads at the end of 
each lead, with a UV-curable medical polymeric encapsulant 
(DYMAX 1-20323; DYMAX(R) Corporation) which was sub 
sequently cured via ultraviolet irradiation. 
0093. After completion, nickel wire (SCIENTIFIC 
INSTRUMENT Services(R, 0.5 mm diameter) was attached 
to the nickel leads and silver wire (Alfa Aesar, 0.5 mm diam 
eter, 99.9%) to the silver leads; each bonded using its corre 
sponding ink as an adhesive and cured at 100° C. for 1 hour in 
a forced air oven. 
0094. In order to test the temperature response of the 
printed thermocouples, the free leads were then attached to a 
thermocouple reader (Acromagr) Model 965EN-4006) and 
the endotracheal tube placed in a programmable oven. The 
temperature was cycled from ambient 25°C. to 120° C. in 2 
hours, then ramped back to room temperature at the same rate. 
Voltage data was collected using the LABVIEWR) software 
program from 30° C. to 120° C. and back to 30° C. The 
heating and cooling rates were identical at 45° C./hour. Six 
data point was collected each minute of testing. For compari 
son, data was simultaneously collected for a commercially 
available Type K thermocouple (OMEGA ENGINEERING, 
Inc.(R) placed in the oven near the tube. 
0095. The thermocouple junction on the tube was tested 
and a linear response was obtained for Voltage Vs tempera 
ture, yielding a slope of 20 uV/C. The data nearly precisely 
overlaid for both heating and cooling cycles. The temperature 
ramps were repeated and the data was duplicated. 

Example 2 

Testing of Cyclohexane as a Solvent to Prepare Ther 
mocouple 

0096. Thermocouples were prepared in a manner identical 
to that described in Example 1, except the solvent used for the 
inks was cyclohexanone. Also, nickel flake (-325 mesh, 0.37 
microns thick, 99.8%, Alfa Aesar R) was used instead of 
nickel powder, and the final percentage of solids of the nickel 
inks was adjusted to 46% by weight. 
0097 Junctions and traces were printed onto the surface of 
an endotracheal tube using Micropen(R) direct writing device 
as described in Example 1- i.e. cured, covered with a poly 
meric encapsulant, and leads attached as described previ 
ously. 
0098. The printed thermocouple junction on the tube was 
tested as described in Example 1, except in this case the 
maximum temperature was raised to 130° C. yielding a 
response of 20 V/C for heating and cooling. 
0099. The thermocouple junction on the cuff was evalu 
ated similarly, except the maximum temperature reached was 
140°C. Also, after the heating cycle was completed, a cooling 
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cycle was carried out in an environmental test chamber 
(Model BTRC, Tenney R.Environmental) down to -40° C. 
Then, the temperature was raised back to room temperature. 
The data collected was linear, repeatable, and indicated a 
sensitivity of 18 uV/°C. 

Example 3 
Use of Commercially Available Metallic Inks to 

Make Thermocouples 
0100. Thermocouples were prepared identically to 
Example 1, except commercially available metallic inks were 
use. The silver ink used was 101-59 (Creative Materials, Inc. 
(Tyngsboro, Mass.)) and the nickel inks used was 116-25 
(Creative Materials, Inc. (Tyngsboro, Mass.)). The nickel ink 
was bonded to the nickel wire using the nickel ink as an 
adhesive; and the silver wire was bonded using a silver epoxy 
(Epo-Tek.R H2OE: Epoxy Technology, Inc (Billerica, 
Mass.)). 
0101 Athermocouple junction positioned on the cuff was 
evaluated on heating and cooling from 25°C. to 145° C. and 
back, and had a sensitivity of 20 V/C. 
0102 Although preferred embodiments have been 
depicted and described in detail herein, it will be apparent to 
those skilled in the relevant art that various modifications, 
additions, Substitutions, and the like can be made without 
departing from the spirit of the invention and these are there 
fore considered to be within the scope of the invention as 
defined in the claims which follow. 

PARTSLIST 

(0103 10 thermocouple device 
0104. 11 substantially cylindrical thermocouple device 
0105 12 first printed thermocouple element 
0106 14 first contact pad 
0107 16 second printed thermocouple element 
0108) 18 second contact pad 
0109. 20 thermocouple junction 
0110 21 heater section connection 
0111 22 second thermocouple junction 
0112 24 third thermocouple junction 
0113 30 first interconnection assembly 
0114 21 first conductor 
0115 32 first insulator 
0116 34 second interconnection assembly 
0117 35 second conductor 
0118 36 second insulator 
0119) 38 third interconnection assembly 
I0120 40 first bonding material 
I0121 42 second bonding material 
I0122) 44 printed trace overcoat 
(0123 46 interconnection overcoat 
0.124 50 secondary functional device 
0.125 52 active element 
0.126 54 electrical leads 
0127. 60 heater section 
0.128 62 heater section based on trace thickness 
0129. 64 heater section based on trace width 
0.130 66 heater section based on material formulation 
I0131 68 heater section based on trace length 
(0132) 69 interlayer dielectric 
(0.133 70 switching circuit 
0.134 72 timing circuit 
I0135 74 thermocouple reader 
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0136) 76 heater power supply 
10137 78 RF power supply 
0138 80 third printed thermocouple element 
0139 82 third contact pad 
0140. 84 fourth printed thermocouple element 
0141 86 fourth contact pad 
0142 90 common lead contact pad 
0143 100 medical device substrate 
0144 102 substantially cylindrical medical device sub 
Strate 

(0145 110 intermediate layer 
0146 200 three-terminal thermocouple device 
What is claimed: 
1. A thermocouple device comprising: 
a flexible non-planar substrate; 
a first printed thermocouple element applied to the flexible 

non-planar substrate and comprising a first metal con 
taining ink composition; and 

a second printed thermocouple element in electrical con 
tact with the first printed thermocouple element making 
a thermocouple junction, the second printed thermo 
couple element comprising a second metal containing 
ink composition with a Seebeck coefficient sufficiently 
different from the first metal containing ink composition 
for the first and second printed thermocouple elements 
to together produce a thermocouple effect. 

2. The thermocouple device according to claim 1, wherein 
the flexible non-planar substrate has an irregular surface. 

3. The thermocouple device according to claim 1 further 
comprising: 

electrical connectors electrically coupled to the first and 
second printed thermocouple elements. 

4. The thermocouple device according to claim 3 further 
comprising: 

a voltage reader operably coupled to the electrical connec 
tors to measure the voltage between the first and second 
printed thermocouple elements. 

5. The thermocouple device according to claim 3 further 
comprising: 

a voltage source operably coupled to the electrical connec 
tors to apply current to the first and second printed ther 
mocouple elements. 

6. The thermocouple device according to claim 1 further 
comprising: 

an overcoat layer covering the first and second printed 
thermocouple elements. 

7. The thermocouple device according to claim 6, wherein 
the overcoat layer is formed from a material selected from the 
group consisting of epoxy, polyacrylate, silicone or natural 
rubber, polyester, polyethylene napthalate, polypropylene, 
polycarbonate, polystyrene, polyvinyl fluoride ethyl-Vinyl 
acetate, ethylene acrylic acid, acetyl polymer, poly(Vinyl 
chloride), silicone, polyurethane, polyisoprene, styrene-buta 
diene, acrylonitrile-butadiene-styrene, polyethylene, polya 
mide, polyether-amide, polyimide, polyetherimide, poly 
etheretherketone, polyvinylidene chloride, polyvinylidene 
fluoride, polycarbonate, polysulfone, polytetrafluoroethyl 
ene, polyethylene terephthalate, polyhydroxyalkanoate, poly 
(p-xylylene), liquid crystal polymer, polymethylmethacry 
late, polyhydroxyethylmethacrylate, polylactic acid, 
polyhydroxyvalerate, polyvinyl chloride, polyphosphaZene, 
poly(6-caprolactone) and mixtures or copolymers thereof. 

8. The thermocouple device according to claim 1 further 
comprising: 
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an intermediate layer positioned between the flexible non 
planar substrate and the first and second printed thermo 
couple elements. 

9. The thermocouple device according to claim 8, wherein 
the intermediate layer is formed from a material selected from 
the group consisting of epoxy, polyacrylate, silicone or natu 
ral rubber, polyester, polyethylene napthalate, polypropy 
lene, polycarbonate, polystyrene, polyvinyl fluoride ethyl 
vinyl acetate, ethylene acrylic acid, acetyl polymer, poly 
(vinyl chloride), silicone, polyurethane, polyisoprene, 
styrene-butadiene, acrylonitrile-butadiene-styrene, polyeth 
ylene, polyamide, polyether-amide, polyimide, polyetherim 
ide, polyetheretherketone, polyvinylidene chloride, polyvi 
nylidene fluoride, polycarbonate, polysulfone, 
polytetrafluoroethylene, polyethylene terephthalate, polyhy 
droxyalkanoate, poly(p-xylylene), liquid crystal polymer, 
polymethylmethacrylate, polyhydroxyethylmethacrylate, 
polylactic acid, and mixtures or copolymers thereof. 

10. The intermediate layer according to claim 8, where the 
intermediate layer can function as a sealing layer, insulating 
layer, adhesive layer, structural support layer, or a combina 
tion thereof. 

11. The thermocouple device according to claim 1, wherein 
the first and second metal containing ink compositions inde 
pendently comprise a metal powder selected from the group 
consisting of copper, palladium, chromel, alumel, rhenium, 
nickel-chromium-silicon, constantan, cadmium, aluminum, 
platinum, rhodium, iridium, molybdenum, tantalum, beryl 
lium, zinc, tin, chromium, nickel, nickel-chromium, nickel 
aluminum, nickel-silicon, iron, tungsten, lead, silver, gold, 
magnesium, silicon or alloys thereof. 

12. Thethermocouple device according to claim 1, wherein 
the first and second metal containing ink compositions inde 
pendently comprise a binder selected from the group consist 
ing of poly(vinyl chloride), silicone, polyurethane, polyiso 
prene, styrene-butadiene, acrylonitrile-butadiene-styrene, 
polyethylene, polyamide, polyether-amide, polyimide, poly 
etherimide, polyetheretherketone, polyvinylidene chloride, 
polyvinylidene fluoride, polycarbonate, polysulfone, poly 
ethylene, polytetrafluoroethylene, polyethylene terephtha 
late, polyhydroxyalkanoate, poly(p-xylylene), liquid crystal 
polymer, polymethylmethacrylate, polyhydroxyethyl 
methacrylate, polylactide, polyglycolide, polyisoprene, poly 
caprolactone, cyanoacrylates, polyvinyl butyral, polyvinyl 
formal, polyethylene oxide, polyvinyl alcohol, polyvinylpyr 
rolidone, cellulose esters, cellulose ethers, carrageenan, gela 
tin, chitosan, and combinations or copolymers thereof. 

13. Thethermocouple device according to claim 1, wherein 
the substrate is formed from a material selected from the 
group consisting of polyester, polyethylene napthalate, 
polypropylene, polycarbonate, polystyrene, polyvinyl fluo 
ride ethyl-vinyl acetate, ethylene acrylic acid, acetyl polymer, 
poly(vinyl chloride), silicone, polyurethane, polyisoprene, 
styrene-butadiene, acrylonitrile-butadiene-styrene, polyeth 
ylene, polyamide, polyether-amide, polyimide, polyetherim 
ide, polyetheretherketone, polyvinylidene chloride, polyvi 
nylidene fluoride, polycarbonate, polysulfone, 
polytetrafluoroethylene, polyethylene terephthalate, polyhy 
droxyalkanoate, poly(p-xylylene), liquid crystal polymer, 
polymethylmethacrylate, polyhydroxyethylmethacrylate, 
polylactide, polyglycolide, polycaprolactone, and copoly 
mers or mixtures or copolymers thereof. 
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14. The thermocouple device according to claim 1, wherein 
the first and second printed thermocouple elements collec 
tively have a thickness of 0.1 to 500 microns. 

15. The thermocouple device according to claim 14, 
wherein the first and second printed thermocouple elements 
collectively have a thickness of 12 to 80 microns. 

16. The thermocouple device according to claim 1 com 
prising a plurality of thermocouple junctions formed by a 
combination of a plurality of printed thermocouple elements. 

17. The thermocouple device according to claim 3 further 
comprising: 

a Voltage reader operably coupled to the electrical connec 
tors to measure the voltage between the first and/or 
second printed thermocouple elements and 

a radio frequency module operably coupled to the electri 
cal connectors of the first and/or second printed thermo 
couple elements to generate radio frequency waves or to 
detect radio frequency waves. 

18. The thermocouple device according to claim 17 
wherein the radio frequency module can be a radio frequency 
generator, radio frequency detector, or a combination thereof. 

19. The thermocouple device according to claim 17 further 
comprising: 

a switching module which selectively couples the electrical 
connectors of the first and/or second printed thermo 
couple elements to the voltage reader or the radio fre 
quency module. 

20. The thermocouple device according to claim 17 
wherein the electrical connectors of the first and/or second 
printed thermocouple elements are permanently connected to 
the Voltage reader and the radio frequency module. 

21. A heated thermocouple device comprising: 
a flexible non-planar substrate; 
a first printed thermocouple element applied to the flexible 

non-planar Substrate and comprising a first metal con 
taining ink composition; 

a second printed thermocouple element applied to the flex 
ible non-planar Substrate and comprising a second metal 
containing ink composition with a Seebeck coefficient 
sufficiently different from the first metal containing ink 
composition for the first and second printed thermo 
couple elements to together produce a thermocouple 
effect; and 

a heater element applied to the flexible non-planar sub 
strate and comprising a third metal containing ink com 
position, wherein said heater element is electrically con 
nected to the first and second printed thermocouple 
elements. 

22. The heated thermocouple device according to claim 21 
further comprising: 

electrical connectors coupled to the first and second printed 
thermocouple elements. 

23. The heated thermocouple device according to claim 22 
further comprising: 

a Voltage reader operably coupled to the electrical connec 
tors to measure the Voltage between the first and second 
printed thermocouple elements and 

a Voltage source operably coupled to the electrical connec 
tors to apply current to the first and second printed ther 
mocouple elements. 
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24. The heated thermocouple device according to claim 23 
further comprising: 

a switching module which selectively couples the electrical 
connectors of the first and second printed thermocouple 
elements to the Voltage reader or the Voltage source. 

25. A medical device comprising the thermocouple device 
according to claim 1. 

26. The medical device according to claim 25, wherein said 
medical device comprises: 

a plurality of thermocouple junctions formed by a combi 
nation of a plurality of the printed thermocouple ele 
mentS. 

27. The medical device according to claim 25, wherein the 
thermocouple device is operably connected to another device 
to control or monitor the another device's function. 

28. The medical device according to claim 25, wherein the 
medical device is selected from the group consisting of endot 
racheal tubes, endobronchial tubes, cannulae, catheters, bal 
loons, stents, airways, sensors, stimulators, implants, 
intraocular or contact lenses, cochlear implants, and orthope 
dic implants or prostheses. 

29. A method of forming a thermocouple device, the 
method comprising: 

applying a first metal containing ink composition to a flex 
ible non-planar substrate, wherein the first metal con 
taining ink composition forms a first printed thermo 
couple element and 

applying a second metal containing ink composition to the 
first metal containing ink composition applied to the 
flexible non-planar substrate, wherein the second metal 
containing ink composition forms a second printed ther 
mocouple element and the first and second metal con 
taining ink compositions have Seebeck coefficients Suf 
ficiently different from one another so that the first and 
second printed thermocouple elements together produce 
a thermocouple effect. 

30. The method according to claim 29, wherein the apply 
ing steps are carried out by direct writing. 

31. The method according to claim 29, wherein the apply 
ing steps are independently carried out by Screen printing, 
jetting, laser ablation, direct writing, or pressure driven 
Syringe delivery. 

32. The method according to claim 29 further comprising: 
applying an overcoat layer over the first and the second 

printed thermocouple elements. 
33. The method according to claim 29, wherein the flexible 

non-planar Substrate has an irregular Surface. 
34. The method according to claim 29, wherein an inter 

mediate layer is positioned between the flexible non-planar 
Substrate and the printed thermocouple elements. 

35. The method according to claim 29, wherein the first and 
second metal containing ink composition independently 
comprise a solvent selected from the group consisting of 
paraffinic hydrocarbons, aromatic hydrocarbons, halohydro 
carbons, ethers, ketones, aldehydes, esters, nitrogen-contain 
ing solvents, Sulfur containing solvents, alcohols, polyhydric 
alcohols, phenols, water, and mixtures thereof. 
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